Liquid condensation in the reservoir near a wellbore may kill gas production in gas-condensate reservoirs when pressure drops lower than the dew point. It is clear from investigations reported in the literature that gas production could be improved by altering the rock wettability from liquid-wetness to gas-wetness. In this paper, three different fluorosurfactants FG1105, FC911, and FG40 were evaluated for altering the wettability of sandstone rocks from liquid-wetting to gas-wetting using contact angle measurement. The results showed that FG40 provided the best wettability alteration effect with a concentration of 0.3% and FC911 at the concentration of 0.3%.
Introduction
The wettability of the reservoir is not only a key factor for controlling the flow of reservoir fluids into the porous media, but it also had a great effect on both the relative permeability values of the liquid and gas phases and recovery [1, 2] . The wettability of the reservoir would be altered adversely if the liquid for drilling and production were not adequate. This would damage the reservoir and reduce production [2, 3] . Therefore, it has become a very important task in the field of petroleum and surface chemistry, at home and abroad, to improve the recovery and protection of oil and gas. Recently, with the development of gas reservoirs and gas-condensation reservoirs, a study of "gas wetness" was proposed by Li and Firoozabadi in 2000 [4] . A new method was introduced for recovering productivity in gas wells by altering wettability in gas-condensation reservoirs from liquid-wetting to intermediate gas-wetting. A substantial increase in gas well delivery and oil recovery would show when the wettability of a reservoir was altered from strong liquid wetness to the preferred gas wetness [4] [5] [6] [7] .
In Li and Firoozabadi's work, the alteration of wettability was achieved by treating the rocks with the chemical solutions FC754 and FC722 [5] . Significant changes in the wettability were demonstrated by imbibition tests and capillary tube tests. The contact angle of the gas-water systems increased to about 90 ∘ from 50 ∘ , and the contact angle of the gas-oil systems increased to about 60 ∘ from 0 ∘ , at a concentration of approximately 0.1%, showing that the gas-wetting was not as strong as expected. FC722 was more effective than FC754 in altering wettability in the gas-liquid-Berea systems, but it was difficult to use because FC722 is neither soluble in water nor in oil.
Tang and Firoozabadi [7] altered the wettability of Berea and Chalk from liquid-wetting to intermediate gas-wetting using two polymers, FC722 and FC759. All the results showed clearly that the application of wettability alteration to intermediate gas-wetting may significantly increase deliverability in gas condensation reservoirs.
Yao et al. [8] studied the ability and characteristics of sodium dodecyl sulfate, CTAB, OP-15, Dimethyl silicone oil, and dimethyldichlorosilane in altering the wettability of synthetic sandstone from liquid-wetting to intermediate gaswetting. Dimethyl silicone oil and dimethyldichlorosilane were found to be very effective for altering the wettability of gas-liquid-sandstone systems.
Liu et al. [9] changed the wettability of the rock from water-wetness to gas-wetness effectively by using a new and However, in the above studies, the contact angle of the gas-water systems increased to only about 90 ∘ and the contact angle of the gas-oil systems increased to only about 60 ∘ . Hydrocarbon surfactants, cationic fluorosurfactants, organic silicon, and polymers were evaluated for their ability to alter the wettability of rocks from liquid wetness to gas wetness.
In this paper, three fluorosurfactants, FG1105, FC911, and FG40 were used to alter the wettability of the sandstone from liquid-wetting to gas-wetting for the first time. FG1105 and FG40 are nonionic fluorosurfactants. FC911 is a cationic fluorosurfactant. In order to evaluate their ability to alter the wettability of sandstone to gas wetness, the contact angle for gas-water-sandstone systems and gas-oil-sandstone systems were measured by a contact angle meter using the sessile drop method. In addition, the effects of a concentration of chemicals on gas wetness are discussed in this work.
Experimental

Apparatus.
The contact angles were measured using the sessile drop method by a Powereach JY-82 Contact Angle Meter provided by Shanghai Zhongchen Digital Technology Apparatus Co. Ltd.
Fluids and Rocks.
Normal decane was used as oil phase with specific gravity and viscosity of 0.73 and 0.92 × 10 −3 Pa⋅s at 25
∘ C, respectively. The surface tension of air-normal decane was 0.0234 N/m (25 ∘ C). Brine of 0.2% (wt) NaCl was used as water phase with specific gravity and viscosity 1.012 and 1.0 × 10 −3 Pa⋅s (25 ∘ C), respectively. The surface tension of air-brine was 0.0728 N/m (25 ∘ C). Sandstone cores from Shengli reservoir were used as the rock samples. 
Procedure.
The cores were cut to slices of approximately 2.5 cm in diameter and 1 cm in length. The sandstone chips were washed with tap water and rinsed with distilled water after cutting, placed in an oven at 120 ∘ C for 4 days to dry, and then soaked in the solution of fluorosurfactants (FC911, FG40, or FG1105) for 10 hours at 25 ∘ C. The core slices were pulled from the solution and dried at 25 ∘ C. This procedure produced core surfaces of altered wettability [11] .
Sessile drop contact angle measurements were performed using a JY-82 Contact Angle Meter. Each core after treatment was put on the meter. In actual experiments, a drop of liquid approximately 0.3 cm radius was carefully deposited on the surface of each core using a gas-tight Hamilton syringe with a stainless steel needle. A picture of the drop was then typically recorded by the computer. Normally, at least three contact angle measurements were performed on a new solid surface each time. Then the contact angle could be calculated by a computer according to the pictures. All readings were then averaged to give an average contact angle [12] .
Results
The mean contact angles of the gas-water systems and those of the gas-oil systems of the sandstones after treatment with FG1105 are shown in Table 1 . It can be seen that FG1105 did not alter the wettability of rock to gas-wetting.
The mean contact angles of the gas-water systems and the contact angles of the gas-oil systems of the sandstone, after treatment with FC911 are shown in Table 2 . It can be seen that, with the increasing of FC911 concentration, the contact angle of the gas-water systems increased from 0 ∘ to 80 ∘ , while the contact angle of the gas-oil systems increased to 74
∘ at a concentration of 0.3%. This implies that wettability of the sandstone was altered to intermediate gas-wetting by FC911 at a concentration of 0.3%. And then, as the concentration continued to increase, the contact angle of the gas-water systems suddenly decreased to 40 ∘ , and the contact angle of the gas-oil systems decreased to 52
∘ at a concentration of 0.5%. Pictures of liquid droplets on the surface of the sandstone cores, before and after treatment with FC911 at different concentrations, are shown in Figures 1 and 2 . It can be seen that liquid droplets were not spread on the surface of the gas-wetting sandstone cores. Table 3 shows the mean contact angle of the gas-water systems and the contact angle of the gas-oil systems of the sandstone after treatment with FG40. It can be seen that the wettability of the cores treated with FG40 were effectively altered to gas-wetting. It should be noted that the observed trends in the contact angle of the sandstone treated with FG40 were similar to those of sandstone treated with FC911, which was different from results in Li's work [5] . The contact angle increased with the increase of the concentration and then decreased when the concentration reached 0.3%. The contact angle of the gas-water systems increased to 140 ∘ and the contact angle of the gas-oil systems increased to 93
∘ at a concentration of about 0.3%. This implies that the strongest gas-wetting can be obtained using FG40 at a concentration of 0.3%. Liquid droplets on the surface of the sandstone cores, before and after treatment with FG40 at different concentrations, are shown in Figures 3 and 4 . It can be seen that liquid droplets were not spread on the surfaces of all of the sandstone cores that had been treated with FG40.
As the concentration of FG40 increased from 0 to 0.5%, the contact angle of the gas-water systems increased from 40 ∘ to 93 ∘ , and the contact angle of the gas-oil systems increased from 10 ∘ to 75 ∘ . This implies that wettability of the sandstone was altered to intermediate gas-wetting by FG40. With the increase of surfactant concentration, the contact angle continued to increase as well. At the concentration of 0.3%, the contact angle with the gas-water systems reached up to 140 ∘ and the gas-oil systems up to 93 ∘ . After that, the contact angle decreased with the increase of concentration.
Discussion
All of the three chemicals used in our study are fluorosurfactants with fluorocarbon groups. The fluorosurfactants have the highest surface activity of all of the surfactants identified so far [13] . The fluorochemical group provided the water and oil repellency; the cationic and nonionic groups chemically bonded onto the rock surfaces providing a surfacial treatment; the cationic and nonionic groups made the surfactant hydrophilically soluble [14] . The fluorocarbon group provided the water and oil repellency because it had a small van der Waals force between the fluorine and the carbon [15] . Fluorine atoms had a very strong electronegativity of 4.0. On the contrary, fluorocarbon molecules were extremely resistant to oxidation because fluorine atoms, with an electronegativity of 4.0, were attached to their carbon atoms, thereby bringing the carbon atoms into a more oxidized state than that of those bound to the oxygen atoms of an electronegativity of 3.6. Halogens were generally strongly electronegative with high bond energy between carbon and fluorine (in particular) which had the strongest bond energy at 484 kJ/mol. Moreover, fluorine atoms were small in size (next to the smallest hydrogen atoms) and their van der Waals and covalent bond radii were larger than those of the hydrogen atoms by only 10%, or so. This rather small difference in size caused the hydrocarbon chains to have a zigzag structure and the fluorocarbon chains to have a rigid rod-like shape with a period of twist with 13 carbon atoms. In addition, the carbon skeleton (within this rigid structure) was covered by densely packed fluorine atoms that were attached to the carbon atoms, much like a rod with a fluorine sheath on it [16] . The protective action of the fluorine atoms is shown in Figure 5 .
The nature of fluorine atom leads to the water and oil repellency characteristic of the fluorosurfactants. Fluorine atom has the strongest electronegativity and the smallest atomic polarizability among the elements. Its atom radius is also smaller than other elements except for hydrogen. This enables the formation of a strong carbon-fluorine bond thereby forming the perfluoroalkyl group having weak intermolecular Van der Waals force and small interaction with other substances such as water and hydrocarbons. Then, the surfaces of the cores were altered to gas-wetting because of the water and oil repellency characteristic of the fluorosurfactants.
In Li's study [5] , the contact angle was measured by a capillary tube test. Li found that the contact angle increased when the concentration of chemicals increased and then remained constant when the concentration increased to a certain value. After that, the gas-wetting remained the same with an increase in concentration. However, our findings are different from Li's results. Our results illustrate that the strongest gas-wetting of the surface of cores will appear at optimistic concentration of surfactants as shown in Table 3 . The reduction in the gas-wetting may be due to the double-layer adsorption of the chemical [17, 18] . As shown in Figure 6 , after the surface of the core is saturated by the adsorption of surfactant molecules, moleculars will adsorb and spread on the surfactants film through hydrophobic interactions with hydrophilic groups outward. Thus, the gaswetting of the surface decreased, the water-wetting became stronger, and the contact angles decreased as the concentration increased.
Conclusions
The effectiveness of three fluorosurfactant treatments in altering reservoir core wettability from liquid-wetting to intermediate gas-wetting was assessed. No significant improvement was observed after treating sandstone cores with FG1105. A 0.3% FC119 solution was found to effectively change the wettability of the sandstone rocks from preferential liquid-wetness to gas-wetness. FG40 had a better effect in altering reservoir core wettability from liquid wetting to intermediate gas wetting, with a very low concentration ranging from 0.05% to 0.5%. The contact angle increased with the increase of the concentration and then decreased when the concentration reached 0.3%. This was because of the adsorption of chemical changes from single-layer to doublelayer with the increase in concentration.
